Population blood pressure variation is most likely due to multiple genes. This is likely the reason why monogenic testing with the angiotensinogen (AGT) gene polymorphisms on chromosome 1 (1q42-43), especially M235T, has met with negative results, especially in those of African descent. The RH blood group system, also on chromosome 1 (1 p36.2-34), has likewise been associated with blood pressure variation in AfricanAmericans and with the rise in blood pressure with age in whites. Using a random sample of the population, we investigated the combined effects of single and combined variation of the AGTN M235T and RH genotypes on blood pressure, lipids, and lipoprotein concentrations in Afro-Caribbeans aged 18-60 years from the island nation of Dominica. In monogenic analysis, AGT M235T was not associated with blood pressure. However, it was associated with HDL (MM 42723, MT 44712, TT 52714 (P ¼ 0.002)). RH genotype was significantly associated with systolic blood pressure (P ¼ 0.006) and Apo-A (P ¼ 0.003). These effects remained after adjustment for age, gender, weight, and BMI. In the polygenetic analysis, AGT M235T and RH were significantly associated with systolic blood pressure (P ¼ 0.037; interaction effects, P ¼ 0.068). The association of the AGT M235T with blood pressure across RH blood group haplotypes was then tested. Of the five RH haplotypes available for analysis, the AGT M235T was significantly associated with blood pressure within the ''D'' haplotype (P ¼ 0.01). The RH blood group and gender were significantly associated with systolic blood pressure and Apo-A levels (P ¼ 0.005 and 0.012, respectively). All interactions were independent of age and weight. In conclusion, we demonstrate a significant association of AGT M235T with blood pressure and cholesterol metabolism in an Afro-Caribbean population in the ''genetic context'' of the RH blood group system. Further investigation of these interactions may help understand the effects of genetic factors on cardiovascular risk in African-derived and other populations.
Introduction
Although the single candidate gene approach has not been productive in the search for the causes of HTN, the use of a polygenic approach 1 has been more successful. Despite many publications reporting an effect of the M235T mutation of the angiotensinogen gene (AGT) on blood pressure in whites, this area of chromosome 1 has not been consistently related to BP in populations of African descent. However, it has been reported that the AGT 1074T/M235T affected the level of angiotensinogen and the BP correlation with age in black and white children. 2 Caulfield et al 3 found linkage of an AGT dinucleotide repeat sequence to hypertension risk in African Caribbeans from St Vincent and the Grenadines but not for the M235T polymorphism. Williams et al 1 examined three genes of the renin-angiotensin-aldosterone system (AGT, ACE (chromosome 17q23), and the AGTI receptor (chromosome 3q21-q25)) and reported significant gene-gene interactions on BP in Ghanaians.
These findings provide support for linkage and association of the AGT locus to hypertension in those of African descent and suggest some similarities in the genetic basis of essential hypertension in populations of different ethnicity.
AGT M235T has also been associated with coronary artery disease risk in some, but not all studies. In a meta-analysis of the AGT M235T and cardiac risk, Staessen et al 4 concluded that this allele was not associated with an increased risk of coronary heart disease in Caucasians and Asians. No studies of African or recent African-derived populations were included in their meta-analysis.
The RH system was part of a multiple marker panel use to detect an effect of African ancestry on diastolic blood 5 in 1974 in the US. Because the RH system has been associated with population BP and the increase in BP with age, we included this system in our effort to test for genetic influence on BP in a random sample of a population of African descent.
We report the single and joint effects of these two genes on BP located on chromosome 1 on BP and lipid variation in a random population sample of the island nation of Dominica in the Caribbean.
Materials and methods

Population description and sample selection
The study was approved by the Committee for the Protection of Human Rights at the Charles R Drew University of Medicine and Science and by the Ministry of Health in Dominica.
The data obtained for this study were collected as part of a survey to estimate the frequency of high BP, hyperlipidaemia, and diabetes for health planning purposes by the Ministry of Health of Dominica as both are the major causes of morbidity and mortality. The sampling strategy was basically that described by Frerichs et al, 6 in which we used a scheme to select households so that the probability of the household being selected was proportional to the population size of the health care region. We selected 30 households and sampled subjects from this and the next nearest household(s) until we studied at least seven unrelated individuals aged 18-60 years from each site. At the home visit, written informed consent was obtained, and height, weight and BP were measured and blood samples were drawn for DNA, HbA1c and lipid studies. The details are available from the authors.
Blood pressure measurement
BP measurement was taken in the seated position by personnel trained and certified according to the American Heart Association Guidelines using the program developed by Shared Care Research and Education Inc 7 . Only observers who had a standard deviation of p2 mmHg on the standardized video tests, and recorded pressures reproducibly (72 mmHg) and did not exhibit terminal digit or direction bias, measured the BP.
Because of systematic and random errors in BP measurement by humans, the average of readings by two observers is considered more reliable than BPs taken by one observer. After the subject had been seated for at least 5 min (timed by one of the team members), BP was measured in the right arm with the appropriate-sized cuff, three times. Two observers listened for Korotkoff (K) sounds using the bell of a double stethoscope. K-I, defined as the first of at least two regular sounds, was used for the systolic pressure and K-V, defined as the last K sound heard, was used for the diastolic pressure. The average of all six readings recorded by the two observers was used for the BP phenotypes. Radial pulse was recorded for 15 s and the results multiplied by four.
Lipid and lipoprotein measurements
These were performed at the Bassett Research Institute, Cooperstown, NY, using methods previously described. 8 
Genotyping
Genotyping was performed by previously published methods. 9 Methodologies for RH genotypic determinations of human subjects have been previously reported. 10 
Database management and statistical analysis
The statistical program SPSS for Windows was used for analysis of this data. w 2 analysis was used to test for significant difference frequencies of the RH and AGT235 polymorphisms. Standard analysis of variance (ANOVA) was used to determine if the differences in BPs, or lipid values, were statistically significant. Differences between observed and expected frequencies, or differences in group means were considered significantly different if 'P' values were less than or equal to '0.05' in the w 2 analysis procedures. Corrections for multiple comparisons in the ANOVA procedures were performed in the following manner. The standard statistical significance threshold of '0.05' was divided by the number of tests performed within a given model based upon the number of independent variables (genotypes) and the number and type dependent variables (BPs, lipid, or lipoprotein concentrations) in that model. Some analysis achieved significance at the '0.05' level; other comparisons achieved significance at the '0.005' level. Table 2 . Age was significantly correlated with SBP, DBP, BMI, apo-B, cholesterol, LDL, and triglyceride concentrations (P ¼ 0.001 for all tests). Weight was significantly correlated with SBP (Po0.001), DBP (P ¼ 0.001), apo-A (P ¼ 0.019), apo-B (P ¼ 0.001), cholesterol (P ¼ 0.001), HDL (P ¼ 0.001), LDL (P ¼ 0.003), and triglyceride concentrations (P ¼ 0.001).
Monogenic effects on blood pressure and cardiovascular risk factors
As can be seen in Table 3 , the AGT235 polymorphism was not significantly associated with BP or anthropometric measurements, but was significantly associated with HDL concentrations (P ¼ 0.002).
As seen in Table 4 , the RH blood group polymorphism was significantly associated with both SBP (P ¼ 0.006) and apo-A concentrations (P ¼ 0.003).
Polygenic effects on blood pressure and cardiovascular risk factors
The interactions of the angiotensinogen M235T polymorphism and RH polymorphisms reached statistical significance (P ¼ 0.037; interaction effects, P ¼ 0.068) in their association with systolic BP as shown in Figure 1 . There were significant associations of the AGT M235T polymorphism with systolic BP within the RH 'D' haplotype (P ¼ 0.01).
As seen in Figure 2 , the AGT235 polymorphism and gender were significantly associated with HDL concentrations (P ¼ 0.004).
Figures 3-5 show a significant association between the RH blood group system and gender with systolic BP (P ¼ 0.005), diastolic BP (P ¼ 0.026), and apo-A concentrations (P ¼ 0.012).
In a three-factor ANOVA procedure, the AGT235 polymorphism, the RH blood group system, and gender were found to be significantly associated with apo-A concentrations (P ¼ 0.029), but not other risk factors for cardiovascular disease or BPs.
Discussion
Blood pressure measurement
As the key quantitative trait in studies of the genetics of BP variation is the BP measurement itself, it is critical that standardized techniques be used to assure that the BP used in the genetic analysis is close to the 'true BP trait' and as stable as can be accomplished, and that the method used be carefully described so others can replicate the method exactly if they attempt to replicate the study. One early reviewer of this paper was concerned that we spent too much time describing the methods of BP measurement, as it should be assumed that everyone knows how to do it and that it is always done correctly. We believe that the assumption that BP is always measured carefully and accurately by investigators is not borne out by research in this area. We have chosen to use the seated 5-min BP reading as our phenotype, because this is the measurement that has been most used in epidemiological and treatment studies and is more and Dominica. 12 It appears that it is the average BP over time that is more highly associated with the endpoints of 'hypertension' than single measurements alone. Almost no studies have used measurements on more than one occasion despite the known wide variability of BP from day to day or week to week. The importance of testing observers to be certain that they can all hear K sounds and all follow the standardized techniques is critical to standardization. Serious problems in epidemiological and genetic studies of BP have been reported when careful standardization is not carried out or when quality control efforts are not maintained. To minimize errors by single observers, the use of two observers should give a more reliable estimate of the BP at any one time. Automated devices have been used by some groups, but these may have systematic errors that will also bias the BP data. Furthermore, even devices that pass standardized testing, will, on the average, have errors of at least 5 mmHg in 50% of readings. As far as we know, we are the only group to use two observers to simultaneously take the BP on a random sample of a population three times. The benefits of taking BP more than once include a significant effect on the classification of high BP, and terminal digit bias can markedly affect the classification of 'high BP'. Therefore, we suggest that studies of the genetic variation in BP should pay special attention to BP measurements and report in detail the training and standardization of the BP observers as well as the quality control data such as suggested by CARDIA investigators. These investigators had to recommend the exclusion of several centres due to poor BP quality control in those centres. In the 500 000 person European Prospective Investigation into Cancer and Nutrition (EPIC), 13 problems arose when they tried to use this enormous database for BP studies. Their results suggested interesting cultural differences (across Europe) in the approach to BP measurement by professionals and illustrate the problems that can arise if a standard protocol is not used for BP measurement. The use of automated devices for BP measurement introduces similar and different problems including 'drop out bias', in which some automated devices never record certain numbers such as 140, 141, etc.
14 No automated device has been shown to be as accurate or as reliable as trained human observers using a mercury manometer.
Genetics of the RAAS
Body sodium and BP homeostasis are key to organism survival under stresses induced by climate (especially in hot environments), disease (diar- 15 Of nearly 20 molecular variants, 16 one polymorphism encodes threonine instead of methionine (M235T) and another encodes methionine instead of threonine (T174 M). These two genetic polymorphisms are in linkage disequilibrium and represent markers of an inherited predisposition to essential hypertension in white subjects. The strikingly higher frequency of the M235T mutation in black than white subjects is unexplained. It is most likely that the ancestral form was 235T and, in fact, the mutation is 235M. The environmental factors that led to the different distribution of M235T in black and white subjects are not known. Because this mutation is 'silent' as far as protein synthesis is concerned, it is unlikely that these mutations directly affect physiological functions. The Japanese population also has a higher frequency of 235T than white, population and a significant association with hypertension and the 235T allele has been reported. 17 Despite the failure to identify an association with either the 235T allele or the 174 M allele, linkage between essential hypertension and the AGT gene has been demonstrated in a set of British black families using a tandem repeat.
Association of the AGT M235T polymorphism to BP and hypertension risk in African-derived populations has been inconsistent
Investigations of the AGT gene and hypertension risk in African-Americans in London 18 and Chicago 19 found no significant difference in the frequency of either 235T or 174M alleles between the hypertensive and control subjects, and Grim et al (in a preliminary report on the current data set) (see Table 5 for summary of key studies) also found no association of M235T with BP in Afro-Caribbeans. 20 A community survey in Jamaica by Forrester et al 21 found only weak evidence for a relationship between circulating AGT level and BP. The molecular markers examined in this population sample did not confer risk of hypertension or higher levels of AGT for the group as a whole, although a trend was apparent in subanalyses by gender. Three large studies in the US [22] [23] [24] and one in South Africa 25 failed to find an effect of AGT M235T on BP, but have reported an effect of other areas of the AGT gene. 
Angiotensinogen and Rh interactions in Afro-Caribbeans MT Robinson et al
Rotimi et al 26 investigated polymorphisms of renin-angiotensin genes among Nigerians, Jamaicans, and African-Americans. The insertion/deletion (I/D) polymorphism of the angiotensinogenconverting enzyme (ACE) and the AGT M235T and AGT T174 M variants of the AGT gene were examined and, despite large differences in hypertension rates, genetic variation at these loci among these groups was modest.
One way in which genetic variations in the AGT gene could lead to higher BP would be via an increased production of angiotensinogen. As the concentration of AGT is never high enough to achieve zero-order kinetics, it is conceivable that genetic variations in the gene controlling the synthesis of AGT could result in more AGT or an AGT that would have a better reaction rate with renin and thus generate more Al and All. The association of the AGT M235T and AGT T174 M polymorphisms with plasma AGT and hypertension status in a sample of Nigerians was reported by Rotimi et al. 27 They found a significant association between AGT M235T and plasma AGT levels. Hypertensive subjects had higher plasma AGT levels compared with control subjects. However, the allele frequencies of the two polymorphisms were similar in the hypertensive patients and the control subjects. Other studies listed in Table 5 also failed to demonstrate an association of the M235T allele with blood pressure. However, other areas of the AGT gene have been associated with effects on blood pressure in those of African descent.
Some research has suggested that the polygenic approach, or the construction of a haplotype composed of various AGT loci might be significantly associated with hypertension risk.
An association of the AGT gene to serum AGT in black and white children 2 demonstrated that a haplotype composed of AGT-1074/T235 showed a significant association with AGT levels. The haplotype was significantly related to serum AGT in both black and white subjects. There was a marginal significance for longitudinally determined diastolic BP when adjusted for other variables.
In a study on essential hypertension, Caulfield et al 3 tested whether there is linkage of the AGT gene to hypertension risk in African-Caribbeans from St Vincent and the Grenadines. DNA from 63 affected sibling pairs with hypertension was tested for linkage by analysing whether there was excess allele sharing among siblings genotyped using an AGT dinucleotide repeat sequence. There was significant linkage and association of this locus to hypertension. They also assessed the AGT M235T polymorphism but found no association of this variant with hypertension. These findings provide support for linkage and association of the AGT locus to hypertension in African-Caribbeans and suggest some similarities in the genetic basis of essential hypertension in populations of different ethnicity. 
AGT235 polymorphism and CAD risk
In a meta-analysis of the AGT235 gene and cardiovascular risk, Staessen et al 28 concluded that the AGT235T allele was not associated with an increased risk of coronary heart disease (CHD), but did not report effects on lipid risk factors. Caucasians and Asians were included in these studies, but there were no African-derived populations.
Despite recent advances in both prevention and treatment, cardiovascular disease (CVD) remains the leading cause of mortality around the world. A major preventable risk factor for CHD continues to be lipid abnormalities, but its association within minority populations has not been well studied. In general, blacks have tended to have higher HDL-C and lower triglycerides and VLDL-C than whites and Hispanics. Unlike black and Hispanic men, white men have tended to have lower HDL-C than white women. In contrast to white men, both black and Hispanic men displayed elevated LDL-C compared with black and Hispanic women. 29 Our results suggest that only triglycerides differ by gender in the Caribbean.
The Bogalusa heart studies [30] [31] [32] [33] have presented a considerable body of evidence on the genetic and epidemiological dynamics of lipids and apolipoprotein concentrations as they relate to the risk of CHD across races and genders, but have no endpoint data as yet. The few studies that have examined the association of hyperlipidaemia with CHD in minorities have shown that total cholesterol was a predictor of CHD risk. It has also been a consistent finding that members of the African Diaspora have higher levels of Lp(a) 34 and that higher levels are associated with CHD. 34 Because HDL is inversely related to CHD, this higher HDL is hypothesized to account for the lower than expected mortality rate seen in blacks.
The RH blood group system Individuals are grouped as either RH 'positive' or RH 'negative' based upon the presence or absence of the major D antigen on the surface of their red blood cells, and more than 46 other antigens, including the CcEe series, have been identified. 35 Using Southern blot analysis, 36 it has been determined that the RH locus is composed of two homologous structural genes, one encoding the RH D polypeptide and the other encoding both the Cc and the Ee polypeptides. Furthermore, these genes are organized in tandem on chromosome 1 at the position 1p36-p34. The sequence homology between the two suggests that the genes evolved by duplication of a common ancestral gene. A comprehensive review of the molecular genetics of the RH blood groups has been provided by Carton. 37 Several groups have tested for Rh effects on BP or other CV risk factors. The first study to suggest that African ancestry may influence BP via genetic mechanisms was by MaClean et al in 1974. 5 They included the RH system in their panel of African vs European genetic markers that were known to vary markedly between African and European populations. Even after adjustment for age, weight, cholesterol, and income level of the subject's census tract (used as a measure of environmental stress), diastolic BP was significantly correlated with the per cent of genetic markers that were more common in populations living in sub-Saharan Africa. Kesteloot and Van Houte 38 tested the effect of a number of variables including the ABO system in 42 804 and the RH system in 12 704 Belgium army and police personnel. In addition to the usual risk factors, they found that AB blood group, the presence of arcus senilis, language spoken, and age of death of one parent all played a role in BP variation. The RH system did not have an effect. When all of their variables were included, less than 10% of the population variation in BP could be explained. Studies by Smith and Sing 39 in the Tecumseh, MI population explored the interaction of 'stress' (emigration) and RH genotype on BP in whites. The RH cc genotype group of emigrants had significantly higher BPs. In a multiethnic study of the incidence of high BP over a 5-year period in Israeli adult male government employees, Medalie et al 40 found that those with the RH negative group had the lowest rate of development of high BP (incidence 59% in 3427 RH þ but only 29% in 311 RHÀ men). In another study of 1010 17-year olds in Israel, 41 no effect of RH group on BP was found although some effects of ABO blood group were seen. Thus in half of the studies cited above, the RH group appears to have an influence on both crosssectional and longitudinal BP variation in whites and blacks.
Strengths and limitations of the study
One of the strengths of our study is that we have assessed the effect of BP on the quantitative phenotype of seated BP in a random sample of a population aged 18-60 years, and we have combined genotypes to test for effects. Most other studies have been case-control studies testing the effect of genotype on the qualitative trait of 'normal' and 'high' blood pressure. However, as seen in Table 5 the wide variation of the 'BP phenotype' makes it difficult to compare studies. The major limitation of our study is the small sample size on a small island population that may not be representative of other areas of the African Diaspora.
Summary
In a population-based sample from the island nation of Dominica, we demonstrated a significant association of AGT M235T with BP and cholesterol Angiotensinogen and Rh interactions in Afro-Caribbeans MT Robinson et al 
Perspective
Ours is one of the first to show an association of BP with M2355T in the African Diaspora. Why do we see an effect when others have not? First, it could be that our BP estimate is more stable or 'genetic' than that others have used. The fact that we took the BP at home may have minimized the stress response to visiting the hospital. We used the average of two observers' readings, which is also more accurate than a single observer. There could also be different gene-environmental interactions in different ecological niches such as Dominica. The population of Dominica is only 80 000 and the largest city is less than 15 000. The fact that ours is a population-wide sample and the quantitative trait BP rather than the classification of 'hypertension' may have also played a role. Finally, it could just be random error.
